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I.
Summary
Spin-orbit interaction has a great importance in condensed materials. Phenomena
such as anisotropic magnetoresistance, spin hall effect, multiferroics and so on arises
mainly from spin-orbit interaction. The effect of spin-orbit interaction on supercon-
ductivity in non-centrosymmetric materials has also attracted much attention. In non-
centrosymmetric superconductors, one of the unique characteristics is lack of inversion
symmetry. In a superconductor with inversion symmetry, the relation  orb(r) =  orb(r)
is always true. This derives from the relation P2 orb(r) =  orb(r), where  orb(r) is orbital
wave function and P is the inversion operator. It restricts Cooper pair symmetry to
either spin singlet state or spin triplet state due to parity conservation. However, in
the case of a non-centrosymmetric superconductor, the relation  orb(r) ,  orb(r) allows a
mixing of the spin singlet state and the spin triplet state since the parity conservation
is released. The extent of the mixing is considered to be determined by the strength of
the spin-orbit coupling.
Li2(Pd, Pt)3B shows superconductivity with Tc  7 K, 2:7 K, respectively. The crystal
structure with distorted octahedral unit has no inversion center in all directions (cu-
bic: P4332, NO. 212). The superconducting gap is isotropic and the Cooper pair is in
the spin-singlet state in Li2Pd3B, while the gap is anisotropic and Cooper pair is in the
spin-triplet state in Li2Pt3B. It is considered that the different strength of spin-orbit
coupling produces this drastic change of the superconducting properties. However, to
obtain detailed insight into the relation between spin-orbit coupling and Cooper pairs
symmetry, more investigation is required. In this work, I studied the evolution of
Cooper pair's symmetry by tuning the spin-orbit interaction in Li2(Pd1 xPtx)3B. The
Tc decreases smoothly with increasing x. The results of the study are as follows:
(1) I have successfully grown samples of Li2(Pd1 xPtx)3B (x = 0; 0:2; 0:5; 0:8; 0:84; 0:9; 1)
by the arc melting method. The prepared crystals were checked by XRD to be of
high quality.
(2) 11B-NMR:
The temperature dependence of the spin-lattice relaxation rate 11(1=T1) was mea-
sured. It was found that 11(1=T1) has coherence peak just below Tc for x  0:8 while
no coherence peak for x  0:9, which indicates that s-wave gap function for x  0:8
has been changed to line-node gap function for x > 0:8.
(3) 195Pt-NMR:
195(1=T1) is also measured for x = 0:84; 0:9; 1. The results are consistent with
11(1=T1). Temperature dependence of Knight shift 195K was investigated as well.
The result shows that the spin-singlet state is dominant for x  0:8 whereas the
spin triplet state is dominant for x  0:9. Furthermore, the mixing-like state was
observed for x = 0:84.
(4) The NMR investigations show that the superconducting properties suddenly change
around x = 0:8. To seek the cause for the drastic change, I studied the crystal
structure by Rietveld analysis of XRD. I found that the angle of two octahedrons
changes dramatically at x = 0:84. This result shows that the crystal distortion is
the most important to mix the triplet component.
In summary, I found that the crystal structure change as to increase the extent of the
distortion is the origin of the spin orbit coupling and the abrupt change of the Cooper
pair symmetry at x = 0:8.
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Chapter 1
Introduction
In this Chapter, the basic idea on noncentrosymmetryic super-
conductor is introduced. Superconducting spin symmetry with
broken inversion symmetry and the relationwith Spin-Orbit Cou-
pling in noncentrosymmetric (NCS) superconductor are remarked.
The experimental reports of non-centrosymmetric superconduct-
ing properties are introduced as well.
1.1 Symmetry in Superconductors
In this section, spin symmetry of Cooper pair in NCS crystal is discussed.
Spin-orbit interaction has a great importance in condensed matters. Phenomena
such as anisotropic magnetoresistance, spin hall effect, multiferroics and so on are
caused by spin-orbit interaction, through which the conguration of spins are deter-
mined by the orbital symmetry. Naturally, the effect of spin-orbit interaction on su-
perconductivity has been discussed as well. In those systems, one of the unique char-
acteristic is the lack of inversion symmetry. In a superconductor with inversion sym-
metry, the relation  orb(r) =  orb( r) is always true. This derives from the relation
P2 orb(r) =  orb(r), where  orb(r) is the orbital wave function and P is an inversion op-
erator. This restricts Cooper pair symmetry to either spin singlet state or spin triplet
state due to parity conservation. However in the case of a broken inversion supercon-
ductor, the relation  orb(r) ,  orb( r) allows the mixing of the spin singlet state and
the spin triplet state [14, 16, 30]. Therefore, the spin symmetry is described by su-
perposition of the two spin states. It is considered that the Cooper pair symmetry is
determined by the strength of the spin-orbit coupling. The details will be discussed in
the following sections.
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Inversion symmetry
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inversion symmetry
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Figure 1.1: Outline drawing of the NCS superconducting spin state.
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1.2 Novel Superconducting State
In BCS superconductors, angular momentum L = 0, spin angular momentum S = 0,
wave number k = 0. These superconductors are recognized as a conventional super-
conductor. When S = 1 or k , 0 which are spin triplet state, FFLO state, respectively
are known as a novel unconventional superconductor. It is considered that almost all
of unconventional superconductors are realized by another electron-electron interac-
tion. These superconductors are expected to show interesting properties because of
their internal degree of freedom. However, these superconductor especially spin triplet
superconductors are identied in very few materials such as Su2RuO4, UPt3.
Recently, superconducting properties without inversion symmetry have became a
hot topics. These superconductors are considered to be another route to realize novel
superconductivity.
1.3 Parity Operator
In this section, parity operator are redened.
Position operator r gives the relation

r; p r r; p

= r (1.1)
 r; p r  r; p =  r: (1.2)
The r takes the position in wave function. When parity operator Pr which reverses the
position is introduced, 

r; p r r; p

=
D
 r; p Pyr rPr  r; p
E
: (1.3)
Using the Equation (1.2),
Pyr rPr =  r: (1.4)
We can see that r is odd under parity transformation for position.
Next, we consider momentum operator p as follows,

r; p p r; p

= p (1.5)
 r; p p  r; p = p: (1.6)
The p gives the momentum in wave function as well. Therefore,

r; p p r; p

=
D
 r; p Pyr pPr  r; p
E
(1.7)
Using the Equation (1.6),
Pyr pPr = p: (1.8)
We can see that p is even under parity transformation with respect to position. In the
same manner, we can dene Pp which is a parity operator with respect to momentum.
As a result, it can be dened P as
Pyr rPr =  r; Pyr pPr = p (1.9)
Pyp rPp = r; Pyp pPp =   p (1.10)
Therefore, communicative relations are
[Pr; r]+ = 0; Pr; p  = 0; hPp; ri  = 0; hPp; pi+ = 0: (1.11)
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In this scheme, we separates Parity operator P to Pr and Pp. Namely, we consider that
inversion operators with respect to position and momentum are distinguished. Using
the relations we can see that angular momentum operator will be asymmetric under
the redened parity operations.
Pyr LPr = Pyr
 
r  pPr =  r  p =  L (1.12)
Pyp LPp = Pyp
 
r  pPp = r    p =  L (1.13)
The communicative relations areh
Pr; L
i
+
= 0;
h
Pp; L
i
+
= 0 (1.14)
In the following contents, these operators will be used.
1.4 Parity Conservation and Parity Violation
Generally, it is believed that any physical laws are ruled by parity conservation, which
means physical invariance under inversion operation. Any physical equations such as
Newton's equation of motion or Maxwell's equations of electromagnetism are consid-
ered to be invariant with respect to inversion operation. Parity conservation occupies
an important place in any physical properties.
Actually, it have been known that parity conservation do not always consist since
the discovery of parity violation in beta decay. In nature, there are a lot of parity vio-
lation. For example, almost all of DNA with right-handed helix structure and carbohy-
drate or amino acid have the unique molecular chirality since these structures cannot
accord with the mirrored structures. In solid state materials, it have been known that
non-centrosymmetric crystal structure is a typical example of the parity violation.
In quantum mechanics, parity is dened using parity operator P. Since the orbital
wave function	(r) is subject to a crystal symmetry, P	(r) is transformed to	( r)when
P is added to the orbital wave function. If we act this once again,
P2	(r) = 	( ( r)) = 	(r) (1.15)
=) P2 = 1: (1.16)
That means P can take only 1. Therefore,
P	(r) = 	( r) = 	(r): (1.17)
In addition, P2 = 1 represents that P is the inverse operator of P. Therefore,
Py = P 1 = P: (1.18)
If the Equation (1.17) consist, it is recognized as centrosymmetric crystal. On the
other hand, if the equation does not consist, it is non-centrosymmetric crystal. Non-
centrosymmetric system has been a recent hot topic in condensed matter physics.
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1.5 Symmetry and Antisymmetry
of the Wave Function
The following contents in this section are not targeted only to superconducting state.
Whenever we consider two-electron system such as Cooper pair, one principle must
be taken into account. It is general rule named as Pauli exclusion principle, which tells
us that electron one quantum state are occupied by only one electron except spin free-
dom. By this principle, the electron wave function must be antisymmetric considering
two electrons are exchanged. In any electronic systems, this principle must be retained
since electron is Fermion.
In two-electrons system, the wave function is envisioned as (r1; r2). To see (r1; r2)
more clearly, we consider a Hamiltonian bellow,
H =   ~
2
2m
1 + V(jr1j)   ~
2
2m
2 + V(jr2j) + 140
e2
jr1   r2j : (1.19)
The Schro¨dinger equation gives follows"(
  ~
2
2m
1 + V(jr1j)
)
+
(
  ~
2
2m
2 + V(jr2j)
)
+
1
40
e2
jr1   r2j   E
#
(r1; r2) = 0: (1.20)
We expect that (r1; r2) compose from a overlap of each wave function (r1)1, (r2)2.
Therefore, two electron states are described such as 1(r1)12(r2)2, which means that
electron labeled as 1 is in 1(r1) state with spin up, and another electron labeled as
2 is in 2(r2) state with spin down. Therefore, (r1; r2) can be assumed as,
(r1; r2; 1; 2) =
1p
2
n
1(r1)12(r2)2   2(r1)21(r2)1
o
(1.21)
,which preserves the Pauli exclusion principle.
We can consider orbital part and spin part, separately since the Hamiltonian gives
no effect in the spin wave function. Therefore, when we exchange the electrons, Pauli
principles conne (r1; r2) to
(r1; r2)s = s(r1; r2)  a(1; 2) (1.22)
(r1; r2)t = a(r1; r2)  s(1; 2) (1.23)
due to the asymmetricity, where s(r1; r2) and s(1; 2) are symmetric, a(r1; r2) and
a(1; 2) are antisymmetric orbital and spin function. Practically, s(r1; r2) and a(r1; r2)
are written as follows
s(r1; r2) =
1p
2
n
1(r1)2(r2) + 2(r1)1(r2)
o
(1.24)
a(r1; r2) =
1p
2
n
1(r1)2(r2)   2(r1)1(r2)
o
: (1.25)
And, s(1; 2) and a(1; 2) are
s(1; 2) =
8>>>>>><>>>>>>:
12;
12;
1p
2

12 + 12
 (1.26)
a(1; 2) =
1p
2

12   12 : (1.27)
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Incidentally, s(1; 2), a(1; 2) are known as spin triplet state and spin singlet state,
respectively.
The result shows that (r1; r2)s has only spin singlet state and (r1; r2)t has only
spin triplet state. From only symmetry consideration, the two different spin symmetry
(S = 0; 1) are determined. Each state exists independently since the transition between
the two orbital state is prohibited unless we add magnetic eld term into Equation
(1.20). This is since a spin state remains unchanged through the assumed Hamiltonian.
First, we consider the situation that the wave functions, (r1), (r2) have the parity
relationship. Therefore we can assume it as follows,
(r2) = Pr(r1) = ( r1) = (r1): (1.28)
We will nd that(r1; r2)t becomes nothing because a(r1; r2) = 0 in theEquation (1.25).
Then we can conclude that spin triplet state does not exist in a centrosymmetric crystal
structure. Only spin singlet state realizes.
Next, we consider the situation with parity violation. It is found a(r1; r2) is nonzero
in the same manner. Namely, spin triplet state can exists. However the transition
between spin singlet and spin triplet state is still prohibited as well since there is no
spin operators in Equation (1:20). Even under parity violation, it gives no effect to
spin states.
When spin-orbit interaction which is discussed in the next section is operated in the
Hamiltonian, it is improved as below,
H = H + L  S: (1.29)
We can not separate the wave function (r1; r2) into orbital part and spin part in that
Hamiltonian. However, considering  = 0, the wave function must come back to Equa-
tion (1.20). Therefore the wave function can be improved by rst-order perturbation
if  is increased gradually. Immediately, we will see that off-diagonal elements in the
Hamiltonian appear because of the occurrence of the transition. We have to diagonal-
ize the matrix elements to obtain the eigen state. The obtained eigen function will be
mixing of spin singlet and triplet function. In reality, the interaction is tiny for the rst
quantum number, n 5 3. We should take that the hybridization has been prohibited.
However if we could increase the interactions, the off-diagonal elements will become
large and the hybridization will be unignorable. This is the reason why spin-orbit in-
teraction is important in mixing of spin singlet state and spin triplet state.
However, we need to know one thing about the above explanation. If spin-orbit
interaction becomes stronger than electron-electron coulomb interaction, the previous
perturbative method gives an incorrect electronic depictions. It means the difculty to
envision electronic state in heavy element by the perturbative theory of the two electron
system. In strongly coupled atoms, following route may be the right way to envision it.
Firstly, we solve Dirac equation up to second approximation, (rst approximation gives
Schro¨dinger equation)
(HDirac   E)(r;) = 0 (1.30)
where
HDirac = mec2 +
"
p2
2me
 
 
e2
40
!
1
r
#
+HT +HSO +HD (1.31)
HT =   p
4
8m3e c2
(1.32)
HSO =
 
e2
4
!  
1
2m2e c2
!
L  S (1.33)
HD =
 
e2
4
!  
~2
2m2e c2
!
(r) (1.34)
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After getting the eigen function , we expands it to the two electron system and discuss
chemical bond secondly. This is because chemical bond are determined by an open shell
structure. Therefore, we have to know the structure coupled with spin-orbit interaction
at rst. Incidentally, HT, HSO HD gives correction term for kinetic energy, SO coupling,
Darwin term, respectively. In the following sections, only SO coupling will be focused.
1.6 Spin-Orbit Coupling
In this section, the origin and role of spin-orbit interaction, which is a key of non-
centrosymmetric superconductor, are introduced to understand the electronic struc-
tures [9].
Magnitude of magnetic moment  which is a consequence of the electronic orbital
motion is derived from Bohr magnetron. Spin-orbit Hamiltonian is envisioned as the
energy of orientation of this intrinsic magnetic moment in the eld produced by the
orbital motion of the electron. Therefore,
HSO =  S  Borbital (1.35)
where S is the spin magnetic moment given by equation S =  (geB=~)S and B is the
magnetic eld produced by orbiting electron. It can be assumed that the B-eld is that
of the circling proton having speed v. It is required the eld at the center of a plane
circular loop of radius r. From elementary electromagnetic theory,
Borbital =
0i
2r
(1.36)
=
i
0c22r
(1.37)
where the magnetic permeability of free space, 0; has been eliminated in favor of elec-
tric permittivity of free space 0 using 00 = 1=c2. The current i is given by
i =
ev
2r
: (1.38)
Therefore,
Borbital =
 1
40
 e
c2r2
 mevr
mer
(1.39)
=
 1
40
 e
mec2r3
l: (1.40)
Now, it can be calculated as follow
HSO =
 1
40
 gee2
2m2e c2r3
(l  s) : (1.41)
Inserting the Thomas factor, which is equivalent to dividing Equation 1.41 by 2, can-
cels ge = 2 in the numerator so it is obtained
HSO =
 1
40
 e2
2m2e c2r3
(l  s) (1.42)
=
1
2m2e c2
"
1
r
dU(r)
dr
#
(l  s) (1.43)
(1.44)
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where U(r) can be adopted as any central potential energy.
It is customary to represent the coefcient of l  s by (r) so that
HSO = l  s (1.45)
where
(r) =
1
2m2e c2
"
1
r
dU(r)
dr
#
: (1.46)
The rst-order spin-orbit correction to the Bohr energy is
E(1)SO = hHSOi (1.47)
=
1
2m2e c2
" 
e2
40
!  1
r3
#
hl  si (1.48)
=
1
2m2e c2
 
e2
40
!
1
a30
(
[ j( j + 1)   l(l + 1)   3=4]
2n3l(l + 1=2)(l + 1)
~2
)
(1.49)
=   1
2n
2E(0)n

j( j + 1)   l(l + 1)   3=4
[l(l + 1=2)(l + 1)]
(1.50)
where
 =
e2
(40)~c
' 1
137
(1.51)
a0 = (40)
~2
mee2
(1.52)
E(0)n =  12
2mec
2
n2
(1.53) 1
r3

=
1
a30
(1.54)
hl  si = 1
2
D
n; j;m j; l; s
 (J2   L2   S2) n; j;m j; l; sE (1.55)
=
1
2

j( j + 1)   l(l + 1)   3=4 ~2 (1.56)
were used.
For hydrogen j can take on only tow values, l  1=2, so the spin-orbit correction is
expressed in terms of l for each of these values of j. We have
E(1)SO

n; j=l+ 12
=   1
2n
2E(0)n
1h
(l + 12 )(l + 1)
i (1.57)

E(1)SO

n; j=l  12
=
1
2n
2E(0)n
1h
l(l + 12 )
i : (1.58)
Inserting the spin-orbit interaction in general hydrogen energy level, the energy
spectrum is shifted as given in Fig. 1.2. It is noticed that not only p levels but also s
levels are shifted. The shifts of p levels are due to the spin-orbit interaction. However
that of s levels are not due to the spin orbit interaction since the spin-orbit coupling
Hamiltonian is proportional to l  s so it vanishes for s states, which is in l = 0 state.
The shift of s levels are due to Darwin term HD which is valid only for s-state because
of the  function. Incidentally, a coupled ket jn00i are eigenkets of HD and
E(1)D =
 
e2
40
!
~2
2m2e c2
hn00j (r) jn00i : (1.59)
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We do not have to be nervous about the interaction since HD is valid only s orbital, it
cannot be a key interaction of novel phenomena.
In the hydrogen model, the actual spin-orbit interaction is ignorable. However, it
will become considerable interaction with increasing atomic number Z. Considering
the Coulomb potential for the one-electron atom
U(r) =   Ze
2
40
 1
r
(1.60)
where Z is atomic number. Therefore, modications are required for hHSOi as follows,
E(1)SO = hHSOi =
Z
2m2e c2
" 
e2
40
!  1
r3
#
hl  si : (1.61)
Since
D
1=r3
E
is in proportion to Z3 using Table 1.1, it is expressed as
E(1)SO =
Z4
2m2e c2
 
e2
40
!
1
a30
(
[ j( j + 1)   l(l + 1)   3=4]
2n3l(l + 1=2)(l + 1)
~2
)
: (1.62)
Generally spin-orbit interaction is in proportion to Z4, which means that it is of consid-
erable importance in heavy elements.
E
2
(0)
E
1
(0)
2p
3/2
2s
1/2
; 2p
1/2
1s
1/2
Figure 1.2: Energy splits by spin-orbit interaction in hydrogen atom.
1.7 Multielectron System
1.7.1 spin-orbit coupling in multielectron system
The spin-orbit interaction in multielectron system can be envisioned as follows,
HSO =
X
j
 j(l j  s j): (1.63)
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D
r2
E
=
a0
Z
2 (n2
2
h
5n2 + 1   3l(l + 1)
i)
hri =
a0
Z
 1
2
h
3n2   l(l + 1)
i
D
r 1
E
=
1
(a0=Z)
 1
n2

D
r 2
E
=
1
(a0=Z)2
(
1
n3 (l + 1=2)
)
D
r 3
E
=
1
(a0=Z)3
(
1
n3l (l + 1=2) (l + 1))
)
D
r 4
E
=
1
(a0=Z)4
1
2
 ( 3n2   l(l + 1)
n5l (l   1=2) (l + 1=2) (l + 1) (l + 3=2)
)
Table 1.1: Expectation value of rs for one-electron atoms
It is already demonstrated that the Equation (1.63) can be deformed using total an-
gular momenta L, S. Therefore,
HSO =
X
j
 j(L j  s j):
= L  S (1.64)
=

2

J2   L2   S2

(1.65)
=

2
[J(J + 1)   L(L + 1)   S(S + 1)] (1.66)
where  is,
 =

n
=

2S
1 5 n 5 2l + 1 (1.67)
 =   
2(2l + 1)   n =  

2S
2l + 1 < n < 2 (2l + 1) : (1.68)
It is noted that  can be a positive or negative value. It is helpful to think of the
holes as having magnetic moments in the opposite direction to that of the electrons.
Therefore, when electron is dominant,  = =2S  0 and when hole is dominant,  =
 =2S  0. For a level that is half-lled, the spin-orbit coupling will vanish.
In multielectron system, we have to consider the magnitude relation between Hrep
andHSO whereHrep originates from electron-electron coulomb interaction (interelectron
coulomb interaction).
1.7.2 L-S coupling
In multielectron system, it is convenience to use term symbol. A quantum state are
designated by the vector sum of all the orbital and spin angular momenta, L, S and J,
the vector sum of L and S. Therefore, the term symbol designation is
2S+1LJ (1.69)
where J can take J = jL + Sj; jL + S   1j; jL + S   2j; :::jL   Sj.
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If the Hamiltonian does not include spin-orbit coupling, the state has (2S + 1)(2L +
1)-fold degeneracy. However, Hunt rule (Rule 1 and Rule 2), which originates from
interelectron coulomb interaction, should be take into account.
Rule 1:
For states composed of equivalent electrons, the state of highest S lies lowest.
Rule 2:
For a given S with the same conguration of equivalent electrons, the state with
the highest L lies lowest.
If we applies spin-orbit coupling perturbatively, the spin-orbit interaction will break the
degeneracy and select the ground state among them. The ground state is determined
by following rule (Rule 3).
Rule 3:
For a given multiplicity and value of L, the state having the lowest J lies lowest for
subshells that are less than half-full. If the subsell is more than half-full the state
having the highest value of J lies lowest.
When the spin-orbit coupling is weaker than electron-electron coulomb interaction, the
procedure can be applied because Hunt rule has priority over Rule 3. This scheme is
widely known as Russell-Saunders coupling (L-S coupling).
For instance, the electronic congurations of d orbital are presented in Table 1.2.
mL = -2 -1 0 1 2 L S L  S ground state
(nd)0 0 0 0 1S0
(nd)1 # 2 1/2 3/2 2D3=2
(nd)2 # # 3 1 2 3F2
(nd)3 # # # 3 3/2 3/2 4F3=2
(nd)4 # # # # 2 2 0 5D0
(nd)5 # # # # # 0 5/2 5/2 6S5=2
(nd)6 "# # # # # 2 4 4 5D4
(nd)7 "# "# # # # 3 3/2 9/2 4F9=2
(nd)8 "# "# "# # # 3 1 4 3F4
(nd)9 "# "# "# "# # 2 1/2 5/2 2D5=2
(nd)10 "# "# "# "# "# 0 0 0 1S0
Table 1.2: Electronic congurations of d orbital ruled by L-S coupling
1.7.3 j- j coupling
When spin-orbit coupling is stronger than electron-electron coulomb interaction, Rule
3 determines a major trend of the electronic system. Namley, Fund rule can be ap-
plied secondly. The scheme is named as j- j coupling. In this scheme, the minimum (or
10 1.7. MULTIELECTRON SYSTEM
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maximum) J gives the lowest energy state. Therefore, in j- j-coupling, the eigen wave
function is designated by J andMJ,
J;MJE = j1X
m1=  j1
j2X
m2=  j2
C j1 j2;J;MJ j1;m1 j2;m2 : (1.70)
To see the difference between L-S coupling and j- j coupling, we will take (np)2 state.
The term symbol has 1S0, 3P0;1;2, 1D2. In L-S coupling scheme, the energy level diagram
is 3P0 < 3P1 < 3P2 < 1D2 < 1S0 while in j- j coupling scheme, 3P0 < 1S0 < 3P1 < 3P2 < 1D2
(see Fig 1.3, [23]). The results are completely different. Therefore, we should consider
which scheme is better to describe an electronic state correctly.
p2
singlet
triplet
1S
J
1D
J
3P
J
1S
0
1D
2
3P
2
3P
1
3P
0
p2
1S
0
1D
2
3P
2
3P
1
3P
0
1D
2
3P
2
3P
1
1S
0
3P
0
3L
J
1L
J
j-j coupling
H
rep
←H
SO
L-S coupling
H
rep
→H
SO
Figure 1.3: Energy correlation diagram of L-S coupling and j- j coupling in p2 congura-
tion
1.8 Asymmetric Spin-Orbit Coupling (ASOC)
In the above discussion, it was considered that the effect of spin-orbit interaction into
multielectron for single atom. Namely, it was a story about electronic core structure.
Free electron, which determines actual physical character, runs on the structure which
is arranged on the basis of a crystal symmetry. In the following, the spin-orbit interac-
tion on one free electron in centrosymmetric or non-centrosymmetric crystal structure
will be considered. We will see that the spin-orbit interaction vanishes in centrosym-
metric crystal structure while it survives in non-centrosymmetric structure.
First, we can denes ji as
ji =
J;MJE + 1X
k=0
(ck jki + c k j ki)
X
=
  ji (1.71)
=
J;MJE +  ;  (1.72)
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where   = 1X
k= 1
ck jki =
1X
k=0
(ck jki + c k j ki) (1.73) =   ji : (1.74)
The expected value of L  S is written as follows,
hL  Si = 
2
fJ(J + 1)   L(L + 1)   S(S + 1)g
+


 L  
  
 S  (1.75)
where we can dene that the rst and second terms give core electron energy and free
electron energy, respectively. Incidentally, it is expected that the core electron energy
will change chemical potential, and within the given J the free electron will move. We
will focus on the orbital integral in the free electron term, which is

 L  

=
1X
k=0
1X
k0=0
(ck0 hk0j + c k0 h k0j )L (ck jki + c k j ki) (1.76)
=
1X
k=0
1X
k0=0
n
ck0ck hk0 L ki + c k0c k h k0 L  ki
+ck0c k hk0 L  ki + c k0ck h k0 L ki
o
: (1.77)
Considering inversion operation Pr in the system,
Pr
  = 1X
k=0
ckPr jki + c kPr j ki (1.78)
=
1X
k=0
ck j ki + c k jki : (1.79)
where
Pr jki = Pk jki = j ki ; Pr j ki = Pk j ki = jki (1.80)
are used. This is since crystal wave function must be periodic and thus
jki  eikx (1.81)
Pr jki = e ikx = Pk jki : (1.82)
In a centrosymmetric structure,   = Pr   (1.83)
,which gives that
c k = ck: (1.84)
Therefore,
h L i =
1X
k=0
1X
k0=0
ck0ck
h
fhk0 L ki + h k0 L  kig
 fhk0 L  ki + h k0 L kig
i
(1.85)
=
1X
k=0
1X
k0=0
ck0ck
hD
k0 
n
L +PyLP  (LP +PyL)
o
k
Ei
: (1.86)
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Using the communicative relation in the Equation (1.14),
=
1X
k=0
1X
k0=0
ck0ck
hD
k0 
n
L   LPyP  (LP   LPy)
o
k
Ei
(1.87)
=
1X
k=0
1X
k0=0
ck0ck [hk0 fL   L  (LP   LP)g ki] (1.88)
= 0 (1.89)
We can nd that when there is the inversion operator in a crystal space group, the free
electron feels no spin-orbit interaction. For the discussion of the spin-orbit interaction,
non-centrosymmetric structure is requisite.
Incidentally if we denes gk0;k as
gk0;k  hk0 L ki ; (1.90)
the Equation (1.77) will be


 L  

=
1X
k= 1
1X
k0= 1
ck0ckgk0;k =
1X
k= 1
ckckgk: (1.91)
where
gk =
1X
k0= 1
gk0;k = gk;k (1.92)
It seems that when gASOk =  gASO k , the spin-orbit interaction is named as asymmetric
spin-orbit coupling (ASOC). It means that gASOk is odd with respect to Pk(= Pp),
gASOk = hk L ki =
D
 k PykLPk  k
E
(1.93)
=) =   h k L  ki =  gASO k : (1.94)
The ASOC is in the center of the discussion about the mixing of the spin-singlet and
spin-triplet states.
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1.9 Band structure under ASOC
Within usual no spin-orbit coupling, either up and down spins gives the same energy
band state since it is determined by only the orbital component of wave function. There-
fore,
E(k) h i = E( k) 
  = E(k) 
  = E( k) h i : (1.95)
The Equation (1.95) is described in Fig. 1.4 (a). As discussed previously, a nite spin-
orbit interaction will disappears by parity operation. So, if there is inversion symmetry
in a crystal, the band structure will be Fig. 1.4 (a) as well, regardless of nite spin-
orbit interaction. Therefore we assume non-centrosymmetric crystal system in the
followings.
E
k
k
(a)
E
k
k
(b) (c)
Fermi Surface on CePt
3
Si  
Centrosymmetry   Noncentrosymmetry   
Figure 1.4: Effect of spin-orbit coupling into band structures.(a) Spin-orbit couping
is absent or both spin-orbit coupling and inversion center are present. (b) Spin-orbit
coupling is present but inversion center is absent. It is expected that CePt3Si with
lack of inversion parallel to c axis has this band structure. (c) An example of two-
dimensional Fermi surfaces splitted by Rashba spin-orbit interaction depicted on the
kx-ky plane [15].
Considering spin-orbit interaction, the band degeneracy breaks except k = 0,
E(k) h i , E(k) 
  ; E( k) h i , E( k) 
  (1.96)
However considering a simple situation that ASOC has a lack of inversion parallel to z
axis, we can imagine that down spin with k and up spin with  k (or up spin with k and
down spin with  k) have same energy since
Ek =
X
k0;0


k0; 0 HSO k; 

= gzk


 Sz 

=  0gzk (1.97)
E k =
X
k0;0
hk0;  HSO  k; i = gz k h Sz i = 0gz k =  0gzk (1.98)
Therefore,
E(k) h i = E( k) 
  ; E( k) h i = E(k) 
  : (1.99)
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The Equation (1.99) is also described in Fig. 1.4 (b). There is a couple of energy bands
at Fermi surface which is characterized by a spin orientation (Fig. 1.4 (c), [15]). The
situation is applicable to NCS superconductor CePt3Si which lacks inversion parallel
to c axis.
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1.10 Experimental Report
on NCS Superconducting Properties
In this section, some reports about Li2(Pd,Pt)3B will be demonstrated, which is catego-
rized into 5d electron system. Advantages to study Li2(Pd,Pt)3B are remarked.
1.10.1 Categorization of NCS materials
In order to understand the NCS superconductors, we need accurate investigations
because of the complex behaviors. In the followings, what are suitable material to
progress the study is remarked.
Some materials can be categorized into two groups. One is heavy fermion supercon-
ductor with f electron system such as CePt3Si [7], UIr [1] Ce(Rh,Ir)3Si [21, 34]. Since
f electrons are close to atomic core, they tend to be a localized electron. It is named as
heavy fermion electronic system because the electrons are bound by core strongly, and
therefore, we must pay heavy costs to bring them outside. Also, they do not contribute
to chemical bonding. Therefore, the f -electrons interact through exchange interac-
tion between f -s; p; d. For this reason, f electron system is insensitive to their crystal
symmetry. These materials have a characteristic feature that the superconductivity
appears after a magnetic order. Electronic system including f -electrons is very com-
plicated because coulomb interactions and spin-orbit interaction must be taken into
account all together.
Another group is d electron system such as Mg10Ir19B16 [22, 37], Ir2Ga9 [31], Re3W
[39], BaPtSi3 [8], Ca(Ir, Pt)3 [12] and Li2(Pd, Pt)3B [38] with itinerant electrons and no
magnetic order. Since d orbitals compose chemical bonding, their wave function has a
direct information of their crystal symmetry. In addition to this, we can get another
advantage in 5d electron system which is described as follows.
Usually, 3d orbital systems have a well known characteristics as strongly correlated
electron system which arise from electron-electron coulomb interaction. Mott insula-
tor or high-temperature cuprate superconductor and so on are the typical examples.
However in 5d orbital systems it will diminish because of enhancement of the orbital
broadening. Therefore we tend to take it that 5d electron system has no interesting
physical phenomenons. Actually, it is not always true because of the existence of strong
spin-orbit interaction. Fortunately, electron-electron coulomb interaction is weak but
spin-orbit interaction is strong is an optimal situation from the standpoint of parity
mixing. This is because strong interelctron coulomb interaction breaks the energy lev-
els of the wave modes between spin singlet and spin triplet states. In contrast weak
interelectron interaction move them closer. Therefore, realization of the mixing is an-
ticipated in 5d with strong spin-orbit interaction. In that sense, 5d electron system has
a priority to understand the pure effect of SOC into superconductivity. Incidentally,
3d electron system is applicable to L-S coupling whereas 5d is j- j coupling from above
discussion.
3d 5d
Interelectron coulomb interaction strong weak
Spin-orbit interaction weak strong
Electronic scheme L-S coupling j- j coupling
Table 1.3: Brief categorization for d electron system
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1.10.2 Li2(Pd, Pt)3B
Figure 1.5 gives crystal structure of Li2(Pd, Pt)3B which are recent discovered super-
conductors [38]. Left and right gures show the unit cell and distorted octahedrons
[11]. Each atom of this crystal has no inversion symmetry in all directions and the
structure remains unchanged in low temperature [36].
Pt
B
Li
Figure 1.5: Crystal structure of Li2(Pd, Pt)3B with broken inversion symmetry.
(a)
(b)
Figure 1.6: Temperature dependence of
spin-lattice relaxation rate (1=T1) in Li2(Pd,
Pt)3B.
These Tc are about 7 K, 2:7 K, respec-
tively. It is reported from NMR [28, 29],
penetration depth [44] and specic heat
[35] measurement that these supercon-
ducting properties are different.
In NMR, the spin-lattice relaxation
rate 1=T1 and Knight shift measurements
probed by 11B NMR prove that the super-
conducting gap symmetry and spin sym-
metry are isotropic (s-wave) and spin sin-
glet state in Li2Pd3B, while anisotropic
(line node) and spin triplet state in
Li2Pt3B. Figure 1.6 (a) shows the tem-
perature dependence of 1=T1 in Li2(Pd,
Pt)3B. In Li2Pd3B, it can be seen the en-
hancement of 1=T1 just below Tc, which
is well known characteristic as coherence
peak with conventional s-wave gap. How-
ever in Li2Pt3B, there is no coherence
peak and 1=T1  T3 behavior exists in the
lower temperature, which indicates the
existence of line node gap structure.
Figure 1.6 (b) shows the tempera-
ture dependence of Knight shift (11K). In
Li2Pd3B with isotropic gap, 11K changes
below Tc. It means the decrease of spin
susceptibility by forming the spin singlet
paring. In Li2Pt3B with anisotropic gap,
it remains unchanged. These results in-
dicate that the spin singlet state is dom-
inant in Li2Pd3B while, the spin triplet
state is dominant in Li2Pt3B since spin
angular momentum of Cooper pairs will be killed by the spin singlet pairing whereas
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it will survive in the spin triplet state.
Figure 1.7: Temperature dependence of
penetration depth in Li2(Pd, Pt)3B.
Figure 1.8: Phase diagram from Badica, et
al. [6].
Penetration depth [44] and specic
heat measurements [35] also report that
Li2Pt3B has anisotropic gap structure. As
reported by Yuan, et al. [44], the lin-
ear temperature dependence of penetra-
tion depth () was found in Li2Pt3B while
in Li2Pd3B,  decreases exponentially.
It indicates that Li2Pd3B and Li2Pt3B
have isotropic (s-wave) and anisotropic
(line node) gap structure, respectively.
Furthermore, specic heat measurement
[35] supports Li2Pt3B has line nodes.
They are consistent with the NMR mea-
surements.
What is the origin of the two differ-
ent superconducting properties despite
their same crystal system? The answer
is believed as their strength of SOC orig-
inated from Pd or Pt. Namely, it means
that strong SOC induces the novel spin
triplet state for Li2Pt3B. If this prediction
is correct, we can control their supercon-
ducting symmetry by tunning SOC. In-
cidentally, it is reported that these com-
pounds are weakly electronic correlated
system [40, 43] and thus the mixing is an-
ticipated.
Mixed crystal system Li2(Pd1 xPtx)3B
also shows the superconductivity, which
was reported by Badica, et al. [6]. By
their report, it is conrmed that the fun-
damental structure remains unchanged
for x = 0   1. Also, their bulk supercon-
ducting properties are retained while the
Tc decreases smoothly with increasing x.
This compounds arouse our interest since
the control of Cooper pair's symmetry is possible by regulation of their spin-orbit inter-
action. Therefore, it is ideal material to conrm the anticipation.
However, the superconducting properties have not been established in spite of the
strong interests. Therefore, NMR investigations on Li2(Pd1 xPtx)3B were conducted in
this doctoral dissertation.
Finally, I want to demonstrate the signicance of the study. (1) Occurrence of un-
conventional superconductivity in weak electronic correlated system on Li2(Pd, Pt)3B
is a novel phenomenon which is derived from spin-orbit interaction and has an advan-
tage to discuss just spin-orbit coupling effect into superconducting pairing symmetry.
To clarify the origin, Li2(Pd1 xPtx)3B is the strongest tool. (2) Study of the role of spin-
orbit interaction in superconductivity is poorer compared to the other elds such as
magnetism. There is room for further research into superconductivity.
From the research, I wish to produce basic idea of NCS superconductor.
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Chapter 2
Sample Preparation
In this chapter, actual procedures and details of sample prepa-
ration will be presented. The crystalline characteristics were
investigated by X-ray diffraction and the superconducting prop-
erties were also checked by SQUID. The results will be remarked
as well
2.1 Sample Synthesis
The sample synthesis of Li2(Pd1 xPtx)3B was conducted using arc melting method.
In the method we can get high temperature environment immediately by electric dis-
charge. It is suitable to make Li2(Pd1 xPtx)3B because the melting points of Pt, Pd, B
are comparatively high except Li, which are about 2000 C. Because of small heating
area, we will get a small sample. Moreover, we have to shot several times after turning
over the samples because of homogenization.
The sample was synthesized by two step arc melting method. In the rst step
(Pd1 xPtx)3B are prepared using Pt(99:999%), Pd(99:95%), B(99:8%). The weight losses
19
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after the melting are negligible. Actually, it have been checked that the ratio of Pt and
Pd remains unchanged from energy dispersive X-ray spectroscopy (EDX).
In the next step, Li(99%) was mixed. Increased Li were prepared considering the
evaporation of Li. It is found that the synthesis becomes more difcult as x comes up
to x = 1.
Figure 2.1: Arc furnace for synthesis of Li2(Pd1 xPtx)3B
2.2 X-ray Diffraction
The synthesized polycrystalline samples are checked by powder X-ray diffraction.
The principles of X-ray diffraction has been described in any textbooks. Therefore, it is
not remarked in this thesis.
Figure 2.2 shows the result of the synthesis in which Li was increased by 5%.
For x = 0   0:8, the diffraction peak corresponds to that of the Li2(Pd1 xPtx)3B phase.
However, it was found that impurity phase appears for x = 0:84; 0:9; 1, which have
been identied as Li1Pt3B phase. Simulation of the diffraction pattern of Li2Pt3B and
Li1Pt3B are represented in Fig. 2.3, which explains every peak in x = 0:84; 0:9; 1 with
impurity, Li1Pt3B.
The difculty indicates that the impurity appears because of some defects of Li dur-
ing the synthesis. To improve this, 10   30% increased Li was used for x = 0:84; 0:9; 1.
As a result, single phase of Li2(Pd1 xPtx)3B are obtained. The Rietveld analysis was
conducted to see the crystal transformations with increasing x. The result will be re-
marked in Discussion.
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The superconductivity was checked by SQUID. The superconducting volume is con-
sistent with the report by Badica et al. The sample synthesis was completed. Next,
NMR measurement was conducted to see electronic information.
Li
2
(Pd
1-x
Pt
x
)
3
B
Figure 2.2: Results of X-ray diffraction in Li2(Pd1 xPtx)3B where Li have been increased
by 5%.
2θ (deg)
Figure 2.3: Comparison of the diffractive result for Li2(Pd0:1Pt0:9)3B with simulation of
Li2Pt3B and Li1Pt3B phases.
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Figure 2.4: Final results of XRD. These samples were used for NMR investigation.
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Figure 2.5: (a) Temperature dependence of magnetization in the synthesized
Li2(Pd1 xPtx)3B, x = 0:84; 0:9; 1. (b) Temperature dependence of magnetization from
the report by Badica, et al [6]. (c) Phase diagram of Li2(Pd1 xPtx)3B.
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Chapter 3
Measurements
In this study, nuclear magnetic resonance (NMR) method was
conducted for the investigation. The brief principle will be re-
marked as follows [3, 33].
3.1 Nuclear Magnetic Resonance (NMR)
Figure 3.1: Picture of NMR system
3.1.1 Hyperne Interaction
In NMR, we can take electron informations through nuclear-electron interactions. Nu-
clear and electronic magnetic coupling is named as hyperne interaction. It can be
envisioned as follows,
s-states: Contact interaction
HF = 83 en~
2I  S(r) (3.1)
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Because of  function, the above interaction contributes only to s-states having
their existence at r = 0.
Non-s-states: Dipole interaction, Orbital term
Hdip = en~
2
r3
"
3(I  r)(S  r)
r2
  I  S
#
(3.2)
Horb = en~2 I  lr3 (3.3)
The former is dipole interaction and latter is interaction between electronic orbital and
nuclear spin, respectively. It will contribute to non-s-state since for s-states, they will
vanish. It is noted that when orbital radius is large, their contribution will weaken
compared to HF because of
D
1=r3
E
term.
3.1.2 Interaction between Nuclear Spin and External Magnetic
Field
When an external magnetic eld are applied, a nuclear magnetic moment will couple
with it through Zeeman interaction. Therefore, the interaction under magnetic eld H0
is,
HZ =  N H0 (3.4)
=  ~IN H0: (3.5)
Taking the eld to be H0 along the z-direction, the energy eigenvalue hHZi = Em is
envisioned as,
Em =  ~H0m: (3.6)
Usually, the energy split is about 1  100 MHz. Therefore, NMR is suitable to
investigate low temperature electronic states.
3.1.3 Spin Lattice Relaxation Rate (1=T1)
In the external eld, equation of magnetic motion is described as Bloch function using
total magnetic momentM =
P
i i,
dMz
dt
= (M H)z + M0  MzT1 (3.7)
dMx;y
dt
= (M H)x;y  
Mx;y
T2
(3.8)
where T1;T2 are named as spin-lattice and spin-spin relaxation time. We focus on T1 in
the following discussion. Since the H = (0, 0, H0), Equation (3.7) becomes
dMz
dt
=
M0  Mz
T1
: (3.9)
It can be seenMz =M0 in the static state because dMz=dt = 0.
In the dynamic state,
Mz = M0(1   e t=T1) (3.10)
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assuming the initial state asMz(0) = 0.
By applying the external eld, the magnetic moment will move to the direction
along with z axis. However, soon after knocking down the magnetization by irradiation
of oscillating magnetic eld (rf pulse), Mz becomes zero. Then, Mz recovers exponen-
tially to the equilibrium state using a time named as spin-lattice relaxation time T1. By
measurement of T1, we can obtain electronic dynamic informations since Mz recovers
by interacting with electrons. Incidentally the equilibrium magnetization as having
frequency w0 has precessional motion in the x-y plane. Therefore, only when the fre-
quency of the oscillating magnetic eld is w = w0, the resonance occurs.
Formally, the spin-lattice relaxation rate can be expressed as
1
T1
=
1
2
P
n;mWm;n(Em   En)2P
n E2n
(3.11)
whereWm;n is a transition probability through hyperne interaction from Fermi's Golden
Rule
Wm;n =
2
~
Dm Hhyp nE2 m(Em) (3.12)
Hhyp = HF;Hdip;Horb; ::: (3.13)
m(Em) = N(Em)N(En) f (Em)

1   f (En)	 (3.14)
' N(E f )2kBT (3.15)
N(E) is a density of state and f (E) is a Fermi distribution function.
It is found that 1=T1 is proportional to N(E f )2. Since 1=T1 gives a information of
N(E f ), we can determine electronic system through 1=T1 as a function of T. As a result,
1=T1 has a following relations.
In normal state,
 1
T1
N:S:

8>>><>>>:
T : metallic system
T
(T   Tc) : magnetic system
(3.16)
In superconducting state,
 1
T1
SC:S:

8>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>:
exp

  
kBTc

: fullgap
T3 : linenode
T5 : pointnode
T : gapless:
(3.17)
Usually, we judge superconducting gap symmetry by the power of T. Especially in BCS
superconductor, the 1=T1 has a coherence peak just below Tc.
3.1.4 Knight Shift
In normal state in metal and magnetic material, conduction electrons or localized
electrons makes magnetization at nuclear position which is induced by external eld.
Therefore, the nuclear feels another magnetic eld H in addition to the external eld
H0. The shift is named as Knight shift which can be dened as
K =
H
H0
(3.18)
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where H originates from the hyperne interaction. The expected values of the hyper-
ne magnetic eld Hhf are given as follows
hHorbii =  e~ hlii

 
1
r3
 

(3.19)D
Hdip
E
i
= e~
*
 
hSi
r3
  3(hSi  r)r
r5
 
+
i
(3.20)
hHFii =  83 e~ hSii j (0)j
2 (3.21)D
Hcp
E
i
=  8
3
e~ hSii
X
j

j j(0)j2"   j j(0)j2#

: (3.22)
We have following relations
 e~ hSii = isHi0 (3.23)
 e~ hlii = ivvHi0 (3.24)
where is is a spin susceptibility and ivv is a Van-Vleck susceptibility along with i-axis.
Therefore, we can display the spin susceptibility in the equations as below,
hHorbii = ivv

 
1
r3
 

Hi0 (3.25)
hHdipii =  
*
 
is
r3
  3
P
i 
i
sxi
r5
xi  
+
Hi0 (3.26)
hHFii = 83 
i
sj (0)j2Hi0 (3.27)
hHcpii =
8
3
is
X
j

j j(0)j2"   j j(0)j2#

Hi0: (3.28)
From Equation (3.18), K will be
hKorbii = ivv

 
1
r3
 

(3.29)
hKdipii =  
*
 
is
r3
  3
P
i 
i
sxi
r5
xi  
+
(3.30)
hKFii = 83 
i
sj (0)j2 (3.31)
hKcpii =
8
3
is
X
j

j j(0)j2"   j j(0)j2#

(3.32)
where hKFii, hKcpii contribute to s-state and non-s-state such as p, d, f ,...states, respec-
tively. Incidentally, Ks  s is proportional to N(E f ).
The Knight shift is convenient tool to judge superconducting spin symmetry (sin-
glet/triplet) since 1is decreases while 3is remains unchanged below Tc where 1is and
3is give the susceptibility of spin singlet (S = 0) and spin triplet (S = 1) states, respec-
tively.
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3.2 Condition of NMR measurement
Figure 3.2: Picture of 3He-4He dilution refrigerator
NMRmeasurements were conducted under magnetic eld below H  0.44 T in order
to minimize the reduction of Tc by the H. The NMR spectrum were obtained by fast
Fourier transform of the spin echo taken at the xed H. The spin-lattice relaxation rate
1=T1 was measured for 11B, 195Pt and 7Li, and determined by a good t of the recovery
of the nuclear magnetization to a single exponential function. For the alloyed samples,
195Pt Knight shift was measured, since it is much larger than that of 11B or 7Li and
provides higher accuracy for broadened spectra due to alloying. Measurements below
1.4K were carried out with a 3He-4He dilution refrigerator.
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3.3 195Pt NMR spectrum
NMR spectra for 195Pt nucleus are presented in Fig. 3.3 where Li2Pt3B #A is referred
from [29] and Li2(Pd0:1 Pt0:9)3B #A and Li2(Pd0:1 Pt0:9)3B #B are the same composition
but have different Tc (#A: 2:9 K, #B: 3:2 K). It seems that the #B is better sample
than #A. All the spectra show a single peak which is consistent with XRD analysis.
It has been conrmed that 195Pt NMR spectrum for Li1Pt3B has the lower resonance
frequency. Therefore, we can identify the sample by NMR as well as XRD.
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Figure 3.3: NMR spectra for 195 Pt nucleus
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Chapter 4
Results
In this Chapter, results of NMR measurement and Rietveld anal-
ysis will be shown.
4.1 11B NMR
Pd(Pt)
B
Figure 4.1: Nearest neighbor-
hoods around 11B
11B nucleus, which is arranged in the center of the
octahedron, is useful probe to see the electronic
transformation for Li2(Pd1 xPtx)3B. Since it does not
change the composition ratio with increasing x, we
can make a constant judge to each sample. However,
temperature dependence of 11Knight shift, 11K have
not been conducted. Since 11K is very tiny from Fig.
1.6 (b), we need quite a lot of accuracy. Hence, we
can not adopt the measurement because mixed crys-
tal make the spectrum spread.
Temperature dependence of spin lattice relaxation
rate, 111=T1 is shown in Fig. 4.2. For x = 0; 0:2; 0:5; 0:8,
there is a coherence peak just below Tc. This fea-
ture indicates the superconducting gap has isotropic
s-wave structure with conventional BCS superconduc-
tor. The solid lines on the plots for x = 0 0:8 are tting
curves assumed as BSC superconductor. Considering that external eld suppresses ex-
tent of the jump, the magnitude of gap is almost constant with increasing x, meaning
that the superconducting gap symmetry almost remains unchanged for x = 0   0:8 (see
Table 4.1).
composition, x 20=kBTc
0 3.4
0.2 3.12
0.5 3.5
0.8 2.93
Table 4.1: Result of BSC tting for x = 0; 0:2; 0:5; 0:8
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However with increasing x further, it was found that the coherence peak disappears
for x = 0:9; 1. Furthermore, the 111=T1 is proportional to T3 as temperature decreases
below Tc. This feature is unconventional superconducting behavior with line node.
From 111=T1 measurement, it was found that the superconducting gap structure
suddenly changes around x = 0:8   0:9.
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Figure 4.2: 11(1=T1T) in Li2(Pd1 xPtx)3B probed by 11B NMR. The solid lines below Tc
for x = 0; 0:2; 0:5; 0:8 are tting by BCS theory and for x = 0:9; 1 shows a line which is
proportional to T3.
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4.2 195Pt NMR
Pt
Pd(Pt)
B
Li
Figure 4.3: Neighborhoods
around 195Pt
In summary of 111=T1 measurements and our expec-
tations, investigation of electronic state around 195Pt
nucleus for x = 0:8   1 is meaningful. First, supercon-
ducting symmetry will be in the spotlight. The normal
state properties are discussed after that.
4.2.1 spin lattice relaxation rate
-superconducting state-
Figure 4.4 (a) gives the temperature dependence of
1951=T1 for x = 0:84; 0:9; 1. For x = 0:9; 1, the behavior
is the same with 111=T1. In short, 1951=T1 has no co-
herence peak at Tc and decreases with 1951=T1  T3.
Though for x = 0:84, the behavior is a little different.
There is a tiny coherence peak at Tc. It may arise from
the mixing behavior of s-wave gap and line node gap.
For x = 0:9, low temperature behavior below 1K
has been investigated, Fig. 4.4 (b). At very low tem-
perature, 1951=T1 becomes to be in proportion to T, which is due to impurity scattering
in case of a nodal superconductor. This is a proof of existence of nodes because quasi-
particles scattered into nodes bring about a nite density of state in the superconduct-
ing gap, whereas in a conventional nodeless superconductivity, they do not.
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Figure 4.4: (a) Temperature dependence of 1951=T1 for x = 0:84; 0:9; 1. (b) Low tempera-
ture behavior of 1951=T1 for x = 0:9.
Incidentally, the residual density of state (RDOS) is estimated to be 60% for effective
DOS, that is comparatively large (see Fig. 4.5). The reason is due to existence of
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energy bands near EF despite the gap being completely opened. It is expected that the
residual energy bands were made due to development of impurities and/or intrinsic
nodal structure that run across the Fermi surface.
As a result, it is unnatural to take impurity was developed because full width of half
maximum (FWHM) of 195Pt spectrum has no enhancement. The expansion of FWHM
would be observed if the sample purity became worse around x  0:9. Actually, it has
a dome structure with a summit at x = 0:5 which is consistent behavior with previous
report of residual resistivity versus x (Fig. 4.6, [32]). From that reason, to take nodal
structure have been developed for x  0:8 is the most reasonable interpretation.
0
0.2
0.4
0.6
0.8
1
11.0
#A
#B
T (K)
T
 1
T
 (
T
c)
T
1
T
/
( 
  
  
  
  
  
  
 )
1
/2
195Pt NMR
Li
2
(Pd
0.1
Pt
0.9
)
3
B
RDOS
5
10
15
0 0.2 0.4 0.6 0.8 1
F
W
H
M
 (
k
H
z)
x
195Pt NMR
Figure 4.5: Temperature dependence of (1951=T1T)1=2 for x = 0:9, which is normalized by
Tc. Inset shows FWHM of 195Pt NMR spectrum.
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Figure 4.6: (a) Temperature dependence of resistivity on Li2(Pd1 xPtx)3B. (b) Residual
resistivity as a function of x. They are referred from [32]
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4.2.2 Knight shift -superconducting state-
To see whether the spin state of Cooper pairs is in the spin singlet state or in the spin
triplet state, spin susceptibility measurement s via Knight shift is the most effective
probe because s in the spin singlet state will vanish at T = 0, while in the spin triplet
state it will remain unchanged.
The temperature dependence of 195Pt Knight shift (195K) for x = 0:2; 0:5; 0:8; 0:84; 0:9; 1
is shown in Fig. 4.7. 195K for x = 0:2; 0:5; 0:8 decreases below Tc. However for x = 0:9; 1,
it remains unchanged across Tc. The Knight shift for x = 0.84 shows a small reduction
below Tc.
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Figure 4.7: Temperature dependence of 195K.
Actually, 195K is composed of spin part and orbital part, 195K =195 Ks +195 Korb. There-
fore, we have to estimate 195Korb for accurate discussion of s. However, it can be ex-
pected Korb  0 using 7Li NMR. It means that 195K is due predominantly to spin suscep-
tibility, s. We could exclude the possiblity that s is nothing for x  1.
Figure 4.8 shows Ksupers =Knormals versus x, where Knormals and K
super
s are the Knight
shift in a normal state and in the superconducting state (at T = 0), respectively. It is
found that it is almost constant in x = 0   0:8 and increases from x  0:8. These results
imply that the evolution of the triplet component appears from x  0:8.
Finally, the Ksupers not vanishing completely for x 5 0:8 can be understood as due to
some mixed spin-triplet component and the spin-ip scattering by disorder, and even
possible inter-band susceptibility. Indeed, the residual resistivity for the samples of
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Figure 4.8: 195K(T = 0)=195K(T  Tc) as a fucntion of x.
0:2 5 x 5 0:8 increases substantially compared to the end members, as does the NMR
FWHM (Inset of Fig. 4.5) which can cause spin-ip scattering for 0:2 5 x 5 0:8.
4.2.3 normal state
It is anticipated that some electronic transformations have been occurred by the re-
placement.
Focusing on the normal state, the compositional dependence of 195(1=T1T)1=2 is plot-
ted in Fig. 4.9. We found that it decreases smoothly with increasing x but drops sharply
for x  0:8. Since it is in proportion to DOS at Fermi surface, we can say that the drop
comes from that of N(EF). The possible scenario for the decrease of N(EF) will be pre-
sented in Discussions, in which the effect of spin-orbit coupling is discussed.
The decrease of N(EF) can be seen in 195Pt Knight shift as well, which is given in
Fig. 4.10. The behavior is consistent with 1951=T1 since 195(1=T1T)1=2 and 195K have a
linear relation ship as a function of x.
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4.3 7Li NMR
Li
Pd(Pt)
Figure 4.11: Neighborhoods around 7Li
In order to evaluate quantitatively the
evolution of s, one needs to know the
Knight shift due to orbital susceptibil-
ity, 195Korb, since generally K = Korb + Ks,
where the spin part Ks is proportional to
s or the DOS at the Fermi level, N(EF).
7Li NMR is useful to estimate the or-
bital part of 195Pt Knight shift. All 7Li
electrons are in s-orbitals meaning that
angular momentum is zero (L = 0) and
share the electronic state with 195Pt elec-
trons. Namely, 7(1=T1T)1=2 without or-
bital contribution mirrors 195K through
N(EF). Figure 4.12 gives 195K as a func-
tion of 7(1=T1T)1=2 in various composi-
tions. It shows a linear relation between
195K and 7(1=T1T)1=2. From extrapolation
of straight line in Fig. 4.12, it is pre-
dicted that 195Korb is very little and almost all of 195K is composed of 195Ks.
This result strongly supports that the triplet component is dominant for x = 0.9 - 1
because the 195Ks remains nite even at very low temperature in the superconducting
state. In the spin singlet dominant state for x = 0 - 0:8, the s does not vanish com-
pletely. It is thought to be due to the spin-ip scattering [13, 4]. However, in view of
this issue, it is more suppressed for x = 0.84 compared to x  0:8. This might be be-
cause the spin triplet component appears around x = 0.8. The growth of the spin triplet
component is very sharp for x, however, it changes continuously, suggesting that the
mixing state of the spin singlet and the spin triplet exists above x = 0.8.
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Figure 4.12: 195K versus 71=T1T.
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4.4 RietVeld Analysis
4.4.1 lattice constant
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Figure 4.13: lattice constant a as a function of x
RietVeld analysis was performed
using the result of XRD [19]. Fig-
ure 4.13 shows the lattice constant
of Li2(Pd1 x, Ptx)3B as a function of
x. Sharp contraction of the crystal
can be seen from x  0:8. The er-
ror bars on the plots indicate the
tting error. However, it is noted
that the lattice constant for x = 1
varies from 6:70 - 6:73Å which de-
pends on the sample quality. Be-
cause the synthesis becomes more
difcult for x  0:8, it may exist a
crystal deformations around x = 1.
4.4.2 octahedral distortion
The octahedral distortion was fo-
cused as well. As a gauge to
understand the distortion,  and
lmin=lmax were used. The  repre-
sents a bond angle between two
octahedron at the connection, and
lmin=lmax represents a ratio between the two bond lengths as described in Fig. 4.14.
As a result, it is found that the distorted octahedron distorts more for x  0:8.
Fitting error is within the plots. Instead, approximate error originated from the sample
synthesis has been presented.
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Figure 4.14: Bond angle  and bond length ratio lmin=lmax as a function of x in distorted
octahedral units
From the crystal analysis, it seems that the crystal changes have a strong relation
with electronic properties of Li2(Pd1 xPtx)3B.
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4.5 Summary of the Results
To summarize the results, what was claried is indicated again.
(1) Superconducting symmetry in Li2(Pd1 xPtx)3B changes drastically at x  0:8.
For x  0:8, the superconducting gap is isotropic and the cooper pair is in spin
singlet state. For x  0:8, the superconducting gap becomes anisotropic with line
node and the cooper pair also becomes spin triplet state.
(2) With increasing x, decrease of density of state was observed
In the normal state, decrease of 111=T1, 1951=T1, 195K and 71=T1 were observed. It
is expected that their decreases is due to the density of state near Fermi surface.
Especially in 1951=T1, 195K, the detailed behavior was seen.
(3) Crystal structure changes slightly from x  0:8
The lattice constant decrease and crystal distortion is enhanced from x = 0:8. It
is expected that the changes have a strong relation with above (1), (2).
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Chapter 5
Discussions
In this chapter, origin of the drastic change of the superconduct-
ing properties will be contemplated. The discussion may have
some rooms to rene itself, therefore, I hope to get some advice
from the standpoint of band calculation. Also, I wish to accel-
erate the discussion of Li2(Pd1 xPtx)3B and promote the study of
NCS superconductors
5.1 Effect of the Crystal Symmetry on Band Struc-
ture of Li2(Pd1 xPtx)3B
The results represents that any physical properties in Li2(Pd1 xPtx)3B change around
x  0:8. First at all, I want to explain the origin of the sudden drop of the DOS. Before
the explanation, thinking on the band structure will be demanded since the crystal
structure is unique.
Once again, we check the crystal structure of Li2(Pd1 xPtx)3B. It has a cubic struc-
ture with P4332 in space group. It can be found that there is a spiral axis along
with [111] direction. The helical structure are featured in Fig. 5.1, which produces
a chirality of crystal symmetry. Actually, Li2(Pd1 xPtx)3B has the right-hand helicity.
Therefore, Li2(Pd1 xPtx)3B is a superconductor with parity breaking symmetry since
the right-hand structure can not accord with the left-hand structure.
Using Bloch's theorem, wave function of the right and left hand structures may be
given as follows,
	right(r) =
X
k
crightk e
ikr (5.1)
	left(r) =
X
k
cleftk e
ikr (5.2)
where k have all values. We know that the left hand structure is enantiomer of the
right hand structures. Therefore, when Pr is operated into 	right(r), it becomes the
left-hand helical wave function as follows,
	left(r) = Pr	right(r) =
X
k
crightk e
 ikr =
X
k0
cright k0 e
ik0r =
X
k
cright k e
ikr (5.3)
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Therefore,
	left(r)  Pk cleftk eikr = Pk cright k eikr (5.4)
=) cleftk = c
right
 k : (5.5)
right hand left hand
Li
2
(Pd,Pt)
3
B
Figure 5.1: Right and left hands helical structure
in Li2(Pd,Pt)3B. Actually, Li2(Pd,Pt)3B has a right
hand helical chirality.
We could get the relation of the co-
efcients (Equation 5.5).
In our world, only the right
hand structure exsits whereas the
left hand structure does not, which
can exist only in the mirror.
Namely, the 	right(r) is a real wave
function and the	left(r) is a virtual
wave function. From any view-
points, right hand structure has
the right hand chirality not the left
hand chirality. Since we do not
need to be nervous about the vir-
tual mirror world, we can assume
	left(r) = Pr	right(r)  0: (5.6)
Using the Equation 5.5, it pro-
duces
cleftk = c
right
 k = 0 (5.7)
, implying that
Eright k 
X
k0
hk0jH j ki (5.8)
= 0 (5.9)
where k is a wave number which
characterizes the chirality. The
band structure may be described
using only k = 0 space (or k 5 0
space). Therefore, Fig. 1.4 (b) will
be rened into Fig. 5.2 (c) as a ex-
pected band structure. We can gess
that there is a single band with broken spin degeneracy in the Fermi surface. Inciden-
tally, CePt3Si have both 	 and Pr	 in reality, therefore, there is a double split bands
which have an opposite direction of spin each other. It may give physical differences
between Li2(Pd1 xPtx)3B and CePt3Si.
Figure 5.2 represents the outline of the band structure of two situations with weak
and strong spin-orbit coupling. In Fig. 5.2 (a), strong spin-orbit interaction will make
either up spin or down spin survive at the Fermi surface. In contrast in Fig. 5.2 (c)
with weak spin-orbit interaction, the broken bands will get closer each other and thus
both up and down spins may exist within a given energy scale.
The followings may be unnecessary to add but the circumstance that either up or
down spin runs over the Fermi surface, may be an important factor of novel spin triplet
pairing for Li2Pt3B.
Figure 5.2 (b), (d) shows their DOS for Figure 5.2 (a), (c), respectively. If their
Fermi energy is at the dotted line in Fig. 5.2, decrease of DOS is expected by the
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enhancement of the spin-orbit interaction which produces the splitting of the spin-
degenerate band near EF. In my NNR results, the decreases of DOS was observed for
x = 0:8, which gives experimental support to the above hypothesis and suggests that
the spin-orbit interaction is suddenly dynamized.
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LI2(PD1 XPTX)3B
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5.2 Consideration of the Rietveld Analysis
In this section, I discuss the relations between the superconducting symmetry and the
crystal structure analysis. I want to consider two situations, for x > 0:8 and x 5 0:8
since their superconducting properties are completely different.
5.2.1 x > 0:8
It can be understood that the drop of DOS is due to the enhancement of the spin-oribt
coupling. Then, what is the origin of the enhancement? We can expect that it is (1)
atomic number, Z or (2) symmetry breaking. From Fig. 4.14, the sharp enhancement of
crystal distortion around x = 1 was conrmed. It will promotes the drastic development
of the spin-orbit interaction, gk   
P
k0 hk0 L  S ki since high symmetry kills the
gk   while the distortion produces the nite interaction (section 1.8). This results
let us take the origin as (2) symmetry breaking. The smooth displacement of Pd for
Pt namely smooth increase of Z cannot simply explain the sharp enhancement of the
spin-orbit interaction.
Namely, by the enhancement of the distortion, Li2Pt3B will get the strong spin-orbit
interaction which largely separate the spin degeneracy like Figure 5.2 (a). From my
NMR results, the conventional superconductivity for x = 0 - 0:8 have been transformed
to the novel line node, spin triplet state with enhancing the distortion (with increasing
x). Therefore, we can get a clear interpretation for x = 0:8 - 1 that the mixed supercon-
ducting symmetry were controlled by the gk  . As a result, it can be concluded that
the mixing of spin singlet and triplet states appears in 0:8 < x < 1, which are controlled
by the crystal distortion.
Actually, more detailed insight will be required for the mixing of the spin singlet
and triplet states. At least, it can be said that the unique crystal inversion symmetry
breaking, rather than the large atomic number, has no small effect on the novel spin
symmetry. Namely, broken inversion symmetry is an indispensable element.
E
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strong spin-orbit coupling
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E - E
F
weak spin-orbit coupling
E
k
k DOS
E - E
F
(a) (b) (c) (d)
Figure 5.2: Sketch of the expected band structure in Li2(Pd1 xPtx)3B.
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Actually, increase of  (or ) by replace-
ment of Pd for Pt also gives the devel-
opment of the gk  . Therefore, the
gk   will change with increasing x (= 0
- 0:8), even if the distortion remains un-
changed. However, the superconducting
symmetry for x = 0   0:8 shows no clear
changes from the NMR results. It is in-
teresting from viewpoint of the previous
discussion because that means the su-
perconducting symmetry is independent
of the spin-orbit interaction. To explain
this, it is reasonable to consider that
the superconducting background is com-
pletely different from x = 0:8 as a border.
The above discussion has been con-
ducted under a assumption that Fermi
energy is in the separated band struc-
ture. If the Fermi energy is in the other
band, we can not take the constant dis-
cussion.
Ordinarily, the Fermi energy depends
on the coulomb potential V(r). It produces the orbital character like s, p, d, f ,... However
in a heavy atom, the theory of relativity have to be taken into account as it is discussed
in section 1.5. Therefore, the actual Fermi energy is determined by both V(r) and
the spin-orbit interaction, 
rV(r)  p  . (This relativity effect makes it difcult to
describe band structure in heavy element.)
Therefore, the given Hamiltonian is
H = p
2
2m
+ V(r) + 
rV(r)  p  : (5.10)
As the eigen wave function , the Equation (1.72) are used, Therefore,
E = hjH ji (5.11)
= hJ;MjH jJ;Mi
+
X
kk
X
k0;0
ck0;0ck; hk0; 0jH jk; i (5.12)
E = EF +
X
k;
X
k0;0
ck0;0ck; hk0; 0jH jk; i (5.13)
where
EF = hJ;MjH jJ;Mi (5.14)
=
*
J;M
 p22m + V(r)
 J;M
+
+ hJ;M L  S J;Mi (5.15)
= E0 +  fJ(J + 1)   L(L + 1)   S(S + 1)g (5.16)
The Equation (5.13) represents that the free electrons move on the EF as the
Equation (5.16). Whichever electronic state is in the less than half-full or more than
half-full, the spin-orbit coupling  fJ(J + 1)   L(L + 1)   S(S + 1)g gives a negative value.
Therefore, the EF gives a high energy state with decreasing . This is wrong situation
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for electrons. The electrons will seek the other energy band which can ease the situ-
ation such as s-band. This is since s-band is unaffected by the spin-orbit interaction;
besides it is a extended band with respect to energy and thus it exists anywhere. As a
result, it is anticipated that the spin degenerate s-band in the Fermi surface contributes
to the unchanged superconducting symmetry for x = 0 - 0:8.
To enforce the discussion, the change of the lattice constant in Figure 4.13 will be
used. The lattice constant gives an information of actual bond length. Fig 5.3 shows
the bond length lm between the nearest Pd(Pt). It can be seen that the lm increases
with decreasing x. Namely, distance between Pd(Pt)-Pd(Pt) expands. It is expected
that mean radius of Pt in 6s-orbital is larger than that of 5d-orbital. Therefore, the
change of the Pt electric orbital causes that of metallic distance from standpoint of the
previous discussions.
Incidentally, the radii of simple metals, Pd and Pt are 1:37 and 1:39Å, [27]. The
reason why the two different metallic radii are similar, is due to that nuclear core
potential of Pt is stronger than that of Pd which causes orbital shrink for Pt.
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5.3 Summary of the Discussion
As summary of the above discussions, it is convenient to think the phenomena for
x > 0:8 and x 5 0:8, separately. For, x > 0:8, the crystal distortion controls the super-
conducting symmetry and decrease of density of state near Fermi surface. For, x 5 0:8,
the change of the electronic orbital to s-state makes the superconducting symmetry
unchanged. Both phenomena are due to the spin-orbit interaction which changes the
electronic environment (Fig. 5.4). These expectation were enforced by crystal analysis.
(a) (b) (c) (d)E
k
0 0 0 0
k
x > 0.8
s-band
d-band
d-band
DOS
E
s-band
x < 0.8
Figure 5.4: Sketch of the band structure for x > 0:8 and x 5 0:8. The difference is that
electrons move on d-orbital in which the spin degeneracy has been broken for x  0:8 or
move on s-orbital for x 5 0:8.
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Chapter 6
Conclusion
In conclusion, I studies the evolution of Cooper pair's symmetry by tuning the spin-
orbit interaction in Li2(Pd1 xPtx)3B.
I synthesized the sample of Li2(Pd1 xPtx)3B (x = 0; 0:2; 0:5; 0:8; 0:84; 0:9; 1) which were
checked by XRD and also, the superconductivity. The quality of the samples coincides
with that of the previous report. It was found that all the samples were successfully
prepared.
By means of NMR, it is found that the pairing symmetry changes drastically at
x = 0:8. The 11(1=T1) has a coherence peak for x  0:8 but no coherence peak for x  0:9
being consistent with 195(1=T1). In addition, it is found residual density of state for
195(1=T1) at low temperature which insists nodal gap behavior. Also, 195K for x  0:8
decreases below Tc whereas does not decrease for x  0:9. For x  0:8, the materials are
in a predominantly spin-singlet state. However for x > 0:9, unconventional properties
due to the development of the spin triplet state appear. For x = 0:84, the mixing-
like behavior was observed. Furthermore, I found the sudden decrease of the density
of state at Fermi surface and suggest that it is due to enhancement of the spin-orbit
interaction which breaks the spin degeneracy.
From the crystal analysis, the sudden enhancement of the spin-orbit interaction
has been produced by an increased distortion of the BPd(Pt)6 octahedral units which
were characterized by  and lmin=lmax. My results indicate that, in addition to a large
Z, the structure distortion as to increase the extent of inversion-symmetry breaking is
another important, and more effective factor to increase the mixing of the spin-triplet
state.
In addition to that, the drastic change of the superconducting symmetry depends on
environment near Fermi surface which is also controlled by the spin-orbit interaction.
These effects are not targeted in only superconductor but topological insulator, spin-
tronics devise, maltiferroics and so on. It provide a good opportunity for future studies
on this new direction of condensed matter physics.
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